Protein aggregation can be defined as the sacrifice of stabilizing intrachain contacts of the functional state that are replaced with interchain contacts to form non-functional states. The resulting aggregate morphologies range from amorphous structures without long-range order typical of nondisease proteins involved in inclusion bodies to highly structured fibril assemblies typical of amyloid disease proteins. In this Account, we describe the development and application of computational models for the investigation of nondisease and disease protein aggregation as illustrated for the proteins L and G and the Alzheimer's Aβ systems.
Introduction
Evolution has guided the design of amino acid sequences such that globular proteins reliably assume a specific functional native state, precisely bringing together residues to form, for example, catalytic sites in enzymes or specific binding site architectures for protein complexation and signaling. The ability of the protein to find and maintain the native state is therefore dependent on an amino acid sequence that gives rise to a structural ensemble that is thermodynamically stable at the physiological pressures and temperatures and solution conditions in the normal cellular or extracellular environment. Destabilizing sequence mutations, 1 chemical modification, 2 or changes in protein concentration and solution environment of the protein 3 can shift the equilibrium from the native state in favor of aggregates, that is, misfolded states with interchain contacts made with other proteins. These aggregates range from structurally amorphous collections of misfolded proteins often found in inclusion bodies when proteins are overexpresssed in bacterial hosts 4 to fibrils with regular and repeating structure associated with a number of human diseases. 1 In order to change deleterious aggregation outcomes, it is of critical importance to develop an understanding of the molecular driving forces for early and late aggregation events, which in turn might be reversed to prevent disease proteins from nucleating thermodynamically stable aggregate assemblies or to break up inclusion bodies to recover functional protein.
Though the gross morphology of large fibril aggregates can be investigated with current biochemical or protein structural experimental techniques, 1, 5 these are more limited in application to early aggregation events involving small and likely disordered oligomers at very dilute concentration. Molecular simulations currently offer great promise of directly observing the entire aggregation process in molecular detail. In this Account, we show how judicious use of coarse-grained models, validated against appropriate experimental observables, can characterize the aggregation thermodynamics and kinetic pathways at a level of detail and insight not possible with experiment alone. We use these models to quantify molecular mechanistic differences in aggregation outcomes for nondisease proteins L and G and the Aβ peptide indicted in Alzheimer's disease.
Folding and Aggregation for Nondisease Proteins
Experimental evidence suggests that there is an increased propensity to aggregate for proteins that fold through kinetic intermediates. 6 Since these states do not adopt the full complement of intrachain contacts made in the folded state, interchain attraction can develop between partially formed proteins. However, most proteins typically fold through intermediates due to the, on average, large size (>200 amino acids) and corresponding greater folding complexity. Furthermore, there is competition between the folding of protein monomers and the formation of oligomeric protein aggregates that derive from association of protein denatured states. 7, 8 Since folding and aggregation are thought to occur in parallel, it is assumed that at low protein concentration the possibly faster monomer folding pathway dominates,9 while at sufficiently high concentration, the folding protein is trapped into an oligomeric phase irreversibly or much more slowly converts aggregates to native monomer. 8 ,9 However, if cellular thermodynamic conditions in the crowded cell were similar to the folding temperature midpoint used to study folding in vitro, in which ~50% of the protein population is unfolded or occupying stable intermediates, aggregation would be the far more common and detrimental outcome without protective mechanisms in place. While the unfolded protein response such as rescue by chaperonins and ubiquitin targeting for proteasomal degradation does exist to protect the cell against the build up of misfolded protein, a sustained and costly cellular level response in order for a given protein to reach a functional native state would seem to be a rather serious evolutionary flaw. That is, it would appear more likely that proteins would reliably fold despite intermediates and slow-folding kinetic phases.
The nondisease immunoglobulin (IgG)-binding proteins L and G make excellent targets for understanding the role of intermediates and unfolded ensembles on protein aggregation, since they have little sequence homology but high structural homology and fold through distinctly different mechanisms. Experimental evidence shows that protein L is a two-state folder, with formation of a transition state involving only native β-hairpin 1. 10 Protein G on the other hand, folds through an early intermediate, followed by a rate-limiting step that involves formation of β-hairpin 2.11 The question that we set out to address was whether structural characteristics of the denatured and intermediate ensembles and the time scales of folding of these two different proteins might explain aggregation outcomes. 12 We have developed a coarse-grained (CG) protein model that uses only the α-carbon centers to represent the protein, in which structural details of the amino acid side chains and aqueous solvent are replaced with effective bead-bead interactions. [13] [14] [15] [16] Figure 1 compares the native structure of the protein L and G models and that determined from the solution NMR structures (2PTL17 and 2GB1,18 respectively). This is one of the simplest models capable of representing a real protein to medium resolution and tractable enough to fully characterize the thermodynamics and kinetics of folding and aggregation.
We begin by showing that our CG model can differentiate the experimental folding mechanisms of proteins L and G. 19 The L and G sequences were mapped onto the CG reduced letter code, and secondary structure dihedral angle assignments were based on their PDB structures. 17 ,18 At this level of sequence resolution, it is revealed that L and G share far higher sequence similarity (~60-70%) than the full chemical sequences suggest. However, analysis shows that protein L has more stabilizing interactions in β-hairpin 1 and a net loss of stabilizing interactions in β-hairpin 2, while the protein G sequence introduces net stabilization into βhairpin 2. 19 This difference is reflected in the free-energy projections along order parameters for native hairpin structure, χ β1 and χ β2 (Figure 2 ), in which there is a minimum free-energy path through formation of β-hairpin 1 and then β-hairpin 2 for protein L or β-hairpin 2 and then β-hairpin 1 for protein G.
While thermodynamics are suggestive of the folding mechanism, we need to characterize the folding trajectories of proteins L and G to confirm the true kinetic mechanisms from the model. We found that the mean first passage time to the folded state of protein L conforms to twostate kinetics, with the presence of a transition state ensemble with a well-formed β-hairpin 1, consistent with experiment. 19 Similar analysis of protein G showed that it folds through two pathways. One pathway exhibits two-state kinetics and folds through a transition-state ensemble with a well-formed β-hairpin 2 as per experiment. 19 The second pathway for protein G gives rise to three-state kinetics, and involves an intermediate that precedes the rate-limiting step in folding. Figure 3a shows the intrachain contacts made in the native state (black contour) and the intrachain contacts made in the folding intermediate (maroon contours) for protein G. The intermediate shows hydrophobic contacts between βstrands 1, 2, and 3; this would be representative of most early folding intermediates that are typically formed by hydrophobic collapse. To confirm that we correctly identified the intermediate ensemble, the simulation trajectories were successfully fit to a reversible two-step U ⇔ I ⇔ N kinetic model to summarize the folding for protein G (Figure 3b ). 19 Next we simulated three chains of proteins L and G to relate differences in aggregation kinetics to differences in folding mechanism.12 When considering the time course for disappearance of the unaggregated population, we found that protein G aggregates more slowly than protein L.12 For protein L and the fast folding pathway for protein G, the time scales for folding are comparable to the aggregation time scale, whereas the protein G folding intermediate forms on time scales that are an order of magnitude faster than that for aggregation. 12 We found that the structural signatures of the denatured state ensemble (DSE) for protein L and the intermediate state ensemble (ISE) for protein G and their time scales for folding provide complete insight into their aggregation pathways and kinetics.
In Figure 4 , we display contact maps of the DSE for protein L, as well as the ISE for the slow folding pathway of protein G (both in red contours). These figures show that nativelike contacts made in the DSE of protein L are more localized (they do not show up in all or as extensively in the native structural elements given by the black contour) relative to that exhibited in the ISE of protein G. We also display in the contact maps the self-chain contacts (green contours) made in the aggregated ensemble for proteins L and G. For each protein, it is evident that the intrachain contacts of the aggregated ensemble resemble contacts formed in the DSE or ISE of the related protein monomer. Because stable intrachain structural elements are localized for protein L, the corresponding aggregate is much richer in interchain β-strand association. By contrast, protein G, with its more extensive native structural elements in the ISE, shows a reduced propensity for domain swapping and largely exhibits only interchain association of β-strands 3 and 3′. Because the third β-strand is the most hydrophobic segment of protein G, its rapid protection in the folding mechanism as an early intermediate ( Figure 3a ) minimizes the destructive tendency of protein G to aggregate. By determining the structural signatures of the DSE or ISE of a protein, then one can propose mutations that introduce additional native contacts across the entire protein fold to ameliorate aggregation. 12
Aggregation and Alzheimer's Disease
The aggregation of peptides or proteins into amyloid fibrils is associated with Alzheimer's, Parkinson's, type II diabetes, and other human diseases.1 Although the proteins that comprise the disease-related aggregates are dissimilar with respect to amino acid sequence, the aggregates take on consistent morphologies of unbranched fibrils 7-10 nm in diameter rich in β-strands orthogonal to the fibril axis, organizing into intermolecular β-sheets that can extend to micrometers in length. 1 Alzheimer's disease is characterized by the appearance in the brain of these fibril deposits, which are comprised primarily of amyloid-β (Aβ) peptide, created by proteolytic cleavage of the amyloid precursor protein (APP) as Aβ 1-40 , or Aβ 1-42 . 2 Although early attention focused on the amyloid fibrils as the cause of Alzheimer's disease, it is now hypothesized that Aβ oligomers formed during early aggregation may be the primary cytotoxic species. 20 A physical separation of the oligomer and fibril regimes may be gleaned from the fibrillization kinetics that follow a nucleation-dependent polymerization mechanism 21, 22 in which the observed lag phase is due to the formation of a critical nucleus, the assembly into an oligomer corresponding to the largest free-energy barrier, beyond which a gradient of favorable freeenergy results in a "down-hill" polymerization into a mature fibril. However, the structural characteristics and oligomer size of the soluble nucleating species have yet to be determined experimentally for any disease peptide sequence, and the molecular mechanism of polymerization that eventually delineates a mature fibril is unknown.
Solid-state NMR (SS-NMR) work by Tycko and co-workers 23, 24 has provided detailed experimental models as to the "folded state" of the Aβ 1-40 monomer in the context of the mature "agitated" prepared fibril ( Figure 5 ). It is composed of "U-shaped" monomers that form intermolecular N-terminal and C-terminal in-register parallel β-sheets orthogonal to the fibril axis, which we refer to as "filaments". The SS-NMR restraints indicate that the N-and Cterminal β-strands interdigitate to form side-chain contacts between the C-termini of monomer i and the N-termini of the i − 2 monomer, introducing a geometric "stagger" in the individual filament structure (STAG(−2)). 23 The early SS-NMR proposed two quaternary structures involving the relative orientation of two filaments24 based on approximate C2 symmetry around the fibril axis (C2z) and orthogonal to the fibril axis (C2x), and later it was determined that the agitated fibril was the C2z form. 23 By contrast, Luhrs and co-workers 25 found only filament order for Aβ 1-42 with STAG(−1), but the mutation to methionine sulfoxide in position 35 would likely explain the lack of fibril order, since the mutation would likely destabilize the filament pair interface. While both experimental models may be relevant for insight into the disease state-both Aβ 1-40 and Aβ 1-42 are present as are oxidative stresses in the cell-we explore the implications of the SS-NMR model of Tycko and co-workers here.
Using a more recent CG model that incorporates backbone hydrogen bonding, 15 we built a 40chain fibril fully consistent with the static NMR model of the two symmetry forms proposed by the early SS-NMR data, albeit with a preference for STAG(−1). [26] [27] [28] With this validation, we characterize the stability of different lengths of the fibril for the C2x and C2z forms of WT Aβ 1-40 to determine the critical nucleus. 26 To accomplish this, we systematically shorten the fibril by retaining the innermost chains for sizes ranging between 20 to 4 monomer chains. For each size, we run 50-100 independent simulations and measure the final structural integrity of the fibril seeds by evaluating a quantity χ f that measures fibril order over the entire crosssection ends. 26 Based on the ensemble of final structures for a given size, n, we can calculate the equilibrium populations of structurally stable and unstable fibrils based on a χ f cutoff value, χ c . The fraction of trajectories that correspond to χ f > χ c measures a population, P n , of an ordered fibril with intact end monomers. This population is in equilibrium with the remaining P n-1 population corresponding to a loss of structural order of one end cross-section. We can calculate the change in free energy, ΔG, per unit cross-section as (1) Integrating eq (1) over n leads to free-energy changes as a function of n-chain fibril ordering, and we determine a critical nucleus size of ~10 chains for both C2x and C2z within the CG model 26 (Figure 6 ). For aggregate sizes >8 chains, we observe that there are reversible changes in χ f , but for <8 chains, the structures consistent with a fibril are so disfavored that we see fewer instances of reversibility. This makes the free-energy curve along the fibril reaction coordinate below 8 chains ill-defined, and thus the barrier height difference between C2x and C2z is not meaningful since the free-energy curves are not on an absolute scale.
Below the critical nucleus, we find that while there is some β-strand structure in the Aβ 1-40 oligomers, they do not organize even at the level of filaments. At concentrations near the critical nucleus where the free energy reaches a maximum, we find that there are well-formed filaments, but the two filaments lack structural definition at their C-terminal interface, so the two filaments do not align to define a fibril axis. Past the free-energy barrier, the nucleation of a well-defined fibril axis arises when the entropy advantage for disorder at the interface of filaments is finally compensated by favorable enthalpic interactions. The primary enthalpic driver is the burial of the exposed hydrophobic plane of the C-terminal interface of the two filaments. At the critical nucleus, most hydrophobic contacts are satisfied regardless of the orientation of the two filament interfaces; however, as the fibril continues to lengthen and accumulate hydrophobic density along the direction of the filament axis, rotations of the two filaments to nonfibril orientations are now highly unfavorable due to the loss of the enthalpic stabilization. Eventually the hydrophobic density saturates at some fibril length so that successive cross-section addition results in a ΔΔG that is a constant, which occurs in our model at ~16 chains, and the protofibril exhibits the structural integrity of a mature fibril.
Given a mature fibril size, we use it for characterizing fibril growth mechanisms between the C2x and C2z forms under two assumptions: (1) that the addition unit for growth is a single monomer chain and (2) that the Aβ 1-40 monomer exists in a largely random coil configuration. These assumptions are minimal in the sense that there is no definitive experimental measurement of preferred structure for the monomer, and while fibrils in vitro and in vivo may incorporate disordered oligomers that only later take on cross-β structure, the relative ability of the mature fibril to order these peptides is probed by this experiment. Given those assumptions, we seed the ends of the fibril, for each symmetry case, with monomers at distances that are close enough to not be diffusion-limited but far from van der Waals contact. Again, we run large numbers of independent simulations to collect an ensemble of fibril growth probabilities.
The probability for successful monomer addition, defined as the ratio of in-register parallel βstrand addition to growth-halting antiparallel addition, is found to be highest for one end of the C2z fibril, while the other end of the C2z fibril and both ends of the C2x fibril show significantly lower probabilities for successful addition. The primary reason for this difference arises from the structural symmetry (C2x) vs asymmetry (C2z) at the ends of the fibrils (Figure 7) , which arises from the interplay of the stagger within the protofilaments, and the symmetry axis of the C2x and C2z fibril. 26, 28 For C2z, the N-terminal region spatially projects an amino acid patterning that better specifies in-register parallel addition and more importantly fewer growth-halting antiparallel additions, resulting in unidirectional growth of the C2z fibril but bidirectional growth for C2x. However, the NMR data restraints for Aβ 1-40 do not rule out the possibility of a mixed stagger, that is, +N stagger for one filament and -N stagger for the other filament. Using our model, we can build a mixed stagger structure (Figure 7 ), 26 showing that it is possible to reverse the structural end symmetries of the two quaternary forms and potentially their elongation mechanism.
We see that polymorphs of the mature fibers arise from different organizations of at least two filaments that, combined with stagger in the β-sheets, can affect fibril growth patterns. 26, 29, 30 This is a supercategory for the eight classes of steric zippers describing interaction permutations between covalent structures noted by Eisenberg and co-workers in their work on microcrystals of short peptides. 31 We note that the finite length of our simulations makes the absolute percentages of any type of correct monomer addition rather low (~3%). This suggests that incorrect additions might eventually anneal out and reconfigure to create a new viable end structure on longer time scales, as suggested by AFM observations of fibril maturation. 32 It also opens up the question as to whether the Aβ monomer is the dominant unit for fibril elongation or whether in fact small oligomers are more viable addition units for fibril lengthening.33
Familial Alzheimer's Disease Mutants
Clues to spontaneous forms of Alzheimer's disease can be gleaned by contrasting its behavior to familial Alzheimer's disease (FAD) mutants, including the Flemish (A21G),34 Arctic (E22G), 35 and Dutch mutants (E22Q),36 all of which have been characterized for both Aβ 1-40 and Aβ 1-42 . Differences among the WT and FAD mutants are evident for in vitro studies of fibrillization kinetics; the Dutch mutant nucleates and fibrillizes more readily than WT, while the Arctic mutation has a higher propensity to nucleate protofibrils, although subsequent fibrillization rates are comparable to WT. 35 The nucleation and rate of fibril formation is greatly reduced for the Flemish mutant relative to WT. 35 We emphasize that experiments are highly unspecific in regards to what structural order is accumulating in the kinetic profiles. The kinetics of the Arctic Aβ peptides have been quantified by chromatographic methods that measure rates of disappearance of monomer and appearance of oligomer assemblies based on their mass and not their structures. 35 Although Congo Red or Thioflavin T dye-binding fluorescence are thought to measure the disappearance of monomer into fibril assemblies, no definitive experimental evidence exists to confirm that they can differentiate order accumulation at the level of filaments or fibrils, since both have cross β-strand order.
We have used our CG model study to address the clear differences in the kinetics of the formation of fibril assemblies of the Dutch, Flemish, and Arctic FAD mutants, using the WT C2z morphology as the reference fibril structure and reevaluating the free-energy trends along the fibril reaction coordinate as a function of fibril size. 37 We take as our measure for greater ease of nucleation a shift in the critical nucleus to lower number of peptides and hence more accessible at lower concentration. We take as our measure of faster fibrillization kinetics a change in the free-energy slope for large ordered assemblies, that is, that |ΔAG mutant | > | ΔG WT |. Again we evaluate the populations that achieve χ f order over the whole fibril crosssection using the WT reference fibril. We also use an additional order parameter, P f , that measures the "nativeness" of individual filament cross-sections relative to the WT filament.
Despite the locality of the mutation, substantial free-energy differences and structural ensembles exist among the four different Aβ sequences measured as filaments (using P f ) or fibrils (using χ f ) (Figure 8 ). We find that both the Arctic and Flemish sequences promote greater disorder of the β-turn region, which results in lower order as measured by P f for both mutants relative to WT. However, the difference in sequence position of the glycine mutation for the Arctic and Flemish cases radically alters fibril order stability as measured by χ f .
The A21G mutant disrupts the N-terminal β-strands, and regardless of the detection method (P f or χ f ) for cross β-sheet structure, the dynamic equilibrium strongly favors the monomeric peptide (Figure 9a ). The greater resistance of the Flemish mutant to order into fibril assemblies of any size suggests that it is capable of both fragmentation into smaller oligomers and promoting amorphous aggregation to yield large plaques, given its lack of any definitive filament or fibril morphology state. 37 By contrast, the E22G mutation is enough removed from the β-strands so that the Arctic mutant retains β-strand order (Figure 9b ), and the more flexible turn can now form new contacts that allow little rotation between the filaments beyond six chains. 37 While new stabilizing contacts favor smaller fibrils than those found for WT ( Figure  8 ), they could slow or even block the addition reaction to create larger fibril assemblies. Our observation of distinctly different fibril properties of the Arctic mutant may be an example where disordered hydrophobic collapse is now relatively more favorable than ordered hydrogen bond formation. 38 Furthermore, the constant negative slope indicative of reaching a stable fibril regime is the same for the Arctic mutant and WT, consistent with chromatography methods that measure more rapid disappearance of monomer into protofibrils for E22G relative to WT 37 but finding little difference in rates of forming fibrils. 35 The Dutch mutant shows the smallest critical nucleus size based on measures of filament order but not fibril order (Figure 8 ). Perhaps the Dutch mutant with its more negative slope beyond the critical nucleus relative to all other sequences favors a filament form such as that found for Aβ . 25 This may explain its significantly enhanced fibrillization kinetics using dye-binding assays of cross β-sheet structure but measuring accumulation of filaments only. Another possible reason is that the Dutch mutation eliminates charge repulsion between peptides on the same filament, resulting in a more exaggerated twist down the filament axis compared with WT. This in turn requires a reorganization of the two-filament interface to define a new polymorph of fibril order that is distinct from the WT agitated fibril morphology ( Figure 10 ). 37 When the alternative fibril polymorph for the Dutch mutant is added as a reference, there is a qualitative shift for preference for fibril order (Figure 8a ).
Conclusion
We have used a coarse-grained model of proteins 15 to examine the molecular factors that differentiate nondisease and disease aggregation. By characterizing in silico the aggregation of proteins at high concentration, akin to the environment of overexpressed proteins that aggregate into inclusion bodies, 4 our investigations on proteins L and G suggest that protective structure in the DSE or ISE and time scales of functional folding can set up protective mechanisms that help avoid deleterious aggregation. 12 Whether any protein uses early intermediates in folding for protection against unwanted aggregation in vivo may involve evolutionary selection that depends on a given protein's cellular conditions. In vitro, protein sequences could be reengineered to manifest an early folding intermediate as a strategy to increase folding yield in industrial protein production. The observed nondisease aggregates may represent the soluble nuclei for larger aggregates, not just for inclusion bodies, but potentially as the seeds of ordered fibrillar assemblies, since most nondisease proteins 3, 39, 40 can be induced to form amyloid fibrils.
Do protective folding mechanisms break down altogether for disease-related sequences such as Aβ or Aβ 1-42 ? While diminished structure in the DSE may promote interchain aggregation, the enhancement of a specific type of collapsed structure involving exposed βstrands has been suggested to be the aggregate seed for Aβ. 41 Recently we have shown using all-atom molecular dynamics simulations that reproduce high-field solution ROESY spectra 42 that the WT Aβ [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] monomer fragment shows no evidence of a dominant population of stable β-strands. Recent theoretical studies, 43 validated against experimentally determined three bond scalar coupling constants, showed that the longer Aβ 1-42 disease peptide sequence is highly flexible but with some β-hairpin formation in the C-terminal region. However, scalar coupling constants are insensitive to subpopulations of ordered structure that are better picked up by NOESY/ROESY experiments, combined with molecular dynamics to interpret the NMR populations. 42 We are currently conducting new NOESY experiments and molecular simulations on the Aβ 42 sequences to address these issues.
While most studies favor the origin of cytotoxicity as arising from soluble oligomers, 44 the evidence for insoluble fibrils as also being a cytotoxic agent are still compelling. Experiments have shown that different polymorphs of the mature Aβ 1-40 fibril can contribute to variation in cell viability, 29 and synaptic activity is greatly impaired in the presence of the insoluble plaque. 45 Cognitive deficits arising from the Arctic mutant were traced to a nonfibrillar form, whereas the severity of memory loss symptoms for carriers of the Dutch mutation were consistent with interference from the mature fibrillar species. 20 In our studies, we find that the morphologies of the fibril state are highly varied within the WT Aβ 1-40 sequence itself, in which two symmetry forms of the "agitated" fibril are equally viable. 26 The FAD mutants investigated here show very different concentration regimes needed to nucleate ordered filament and/or fibril assemblies and even new polymorphs. 37 Thus the fibril regimes for the WT and FAD mutants remain an important line of investigation for understanding the Alzheimer's disease process.
Finally, in vitro studies are only part of the larger in vivo complexity of degenerative aggregation disease processes that indicate an overall system failure. For example, alternative FAD mutations of APP outside the Aβ sequence affect ratios of Aβ 1-42 /Aβ 1-40 due to processing errors by βand γ-secretases 2 and therefore disease severity depending on the abundance of the more virulent Aβ . The location of the amyloid plaque deposits in the brain defines an important aspect of the neuropathology of the disease state. 46 Carriers of the Arctic mutation exhibit deposits primarily of Aβ 1-42 in brain tissue and typical AD dementia symptoms, 35 whereas the Dutch mutation carriers show deposition of Aβ 1-42 in blood vessels that contribute to cerebral amyloid angiopathy (CAA) with vascular dementia symptoms. 36, 46 Carriers of the Flemish mutation are distinct by having the largest plaque cores centered on blood vessels and dominated by Aβ 1-40 , resulting in both AD dementia and CAA features. 46 Recent work has shown that differences in ganglioside binding of the FAD mutants, an important constituent of cell membrane in the central nervous system, might explain the regionspecific Aβ deposition in the brain. 47 These provide examples of the need for theory to push toward more complex problems that confront the disease process, with the goal of demonstrable success in the development of theoretical models that have predictive power. Free-energy contour plot as a function of native-state similarity of χ β1 and χ β2 19 for protein L (left) and protein G (right). Contour lines are spaced 1k B T apart. Arrows show the lowest free-energy path to folding along the reaction coordinates. (a) Contact map comparing the structure of the native (black) and intermediate (maroon) for the slow folding pathway of protein G. 19 The contours outline which amino acids and their associated secondary structure elements are in spatial proximity to each other. (b) Kinetic data (symbols) and kinetic fits (lines) for U ⇔ I ⇔ N folding mechanism for protein G's slow folding pathway. Reproduced with permission from ref 19 . Copyright 2004 The Protein Society. Summary of the solid-state NMR models for the Aβ 1-40 monomer in the context of the mature "agitated" filaments and fibrils. 23, 24, 26 Free energy for free monomer and fibril equilibrium for C2x and C2z(left) and representative structures for the different ordered regimes (right): 26 Effect of axis symmetry and stagger on terminating fibril ends of Aβ 1-40 . 26 Comparison of the Dutch fibril polymorph (blue) with respect to WT sequence (black). 37 The yellow spheres represent amino acid 33 on each monomer chain. Reproduced with permission from ref 37. Copyright 2008 Biophysical Society.
